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communication, quantum information, and the generation of 
sub-shot noise light sources. Numerous experimental imple-
mentations have been realized to generate single photons. One 
of them is the use of a single emitter, which, once excited, can 
only emit a single photon per unit time. Such sources princi-
pally allow for a deterministic single-photon generation. This 
implies that the emitter is excited, e.g., with an optical π-pulse 
and then emits subsequently a single photon on demand [1].
Historically, the first anti-bunched single-photon source 
was a diluted atomic beam [2]. Thereafter, the technique of 
trapping single ions has been established [3], allowing for 
numerous experiments with single photons and addressing 
fundamental questions of light–matter interaction [4, 5]. In 
a solid-state environment, the excitation and the collection 
efficiency to and from a single emitter can be significantly 
higher [6, 7]. This is partially accounted simply to a reduced 
distance of the emitter to the first lens. In a vacuum cham-
ber and with an assumed point-like emission pattern of an 
atom under study, the collection efficiency to the first lens is 
solely given by the solid angle of the detection optics. This 
has been optimized in the past [8, 9], but already some mil-
limeter distance reduce this to a small fraction of the entire 
emission. Therefore, a solid-state source can be more effi-
cient when the first lens is much closer to the emitter than 
in the above-named case. Furthermore, the emission pattern 
is altered when the emitter experiences a certain change in 
refractive indices in its local proximity [10]. Already a sim-
ple, three-layered system allows for the efficient collection 
of light from a solid-state system and might reach up to unity 
efficiency [11]. Another option is the tailored emission into a 
defined mode by specialized structures, such as nano-pillars 
[12, 13]. Although the research on single emitters in a solid-
state environment addresses many more questions on high-
resolution microscopy [14] or nanoscopic sensing [15], this 
paper focuses on single emitters as single-photon sources.
Abstract A single molecule under cryogenic conditions 
allows one to realize an extremely bright and simultane-
ously narrow-band single-photon source. We present a 
review on the different excitation schemes of a single mol-
ecule and present the corresponding single-photon nature 
of the emitted light. Single-molecule spectroscopy has been 
recently interlinked with atomic spectroscopy. This optical 
interconnect among the different quantum systems might 
be enhanced by a so-called Faraday anomalous dispersion 
optical filter—an ideal tool for many experiments in quan-
tum optics. We introduce our theoretical and experimental 
approach on these filters which are based on hot atomic 
sodium vapor. The electrical tunability together with the 
brightness of a single molecule allows us to record a full 
atomic spectrum of this filter with the single photons origi-
nating from a single-molecular emitter.
1 Introduction
The efficient generation of single photons is a central point 
of research in the past two decades. Their applications 
span answering fundamental physics questions, quantum 
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Despite the limited emission rate of a single atom in a 
vacuum environment, numerous important experiments 
have been performed when such photons are interlinked 
with further quantum nodes such as other atoms [16, 17]. 
There, the emission is enhanced with a Fabry–Pérot cavity. 
Only recently, it became possible to interlink photons from 
a single solid-state emitter with an atomic system [18–20]. 
These experiments have the potential to be utilized in com-
bined experiments with single photons and atoms, but the 
long-term stability and the versatility of the sources has not 
been directly proven so far.
In this paper, we review the spectral properties of sin-
gle molecules and how these can be used as single-photon 
emitters for an optical interface to atomic systems. The dif-
ferent excitation options of these molecules are discussed, 
and measurements on the way to an efficient atom-resonant 
single-photon source are presented. A single molecule, 
which does not show any blinking and bleaching under cry-
ogenic conditions, shows such a versatile nature, such that 
it is possible to record an atomic spectrum with the intro-
duced single-photon source.
2  Single‑molecule studies under cryogenic 
conditions
Certain organic dye molecules can be treated as optically 
accessible two-level systems at liquid helium temperatures. 
The low temperature suppresses a coupling to the external 
phonon bath, such that the electronic transition on the zero-
phonon line (ZPL) can be lifetime-limited. The relation 
between the longitudinal (T1) and transversal (T2) relaxation 
time, as 1/T2 = 1/(2 · T1) holds.
The selection of molecules is limited usually to rigid 
molecules, which exhibit a Franck–Condon factor close 
to unity. This implies no severe change in the nuclear core 
coordinates in the excited state and a small Stokes shift of 
the absorption versus the emission spectrum. The poly-aro-
matic hydrocarbons (PAHs) are usually good candidates, 
and early experiments on single molecules were performed 
on pentacene (CAS: 135-48-8) [21, 22]. Due to the low 
quantum yield of pentacene, several other molecules were 
explored thereafter. The candidates terrylene (CAS: 188-
72-7) [23] and its derivates [24, 25], perylene (CAS: 198-
55-0) [26, 27], and 2.3,8.9-dibenzanthanthrene (CAS: 188-
42-1, see Fig. 1b) [28, 29] have to be named in this context. 
This list is not complete, and more molecules can be used 
at cryogenic conditions [30, 31].
In many experiments, the molecules under study are fro-
zen into an organic matrix, such as the alkanes. The system 
forms a so-called Shpol’skiı˘-matrix. Other options are pos-
sible, such as single molecules in rare gas hosts [32] or in 
crystalline structures [23, 33]. The exact spectral properties 
such as linewidth and transition wavelength are strongly 
dependent on the host matrix. The matrix also influences 
the spectral stability of the system under study. Spectral 
diffusion or spectral jumps might be disadvantageous for 
single-photon generation. This is luckily suppressed in the 
presented molecule/host matrix system.
The data for this study are the spectral study on one sin-
gle dibenzanthanthrene (DBATT) molecule embedded in 
n-tetradecane. The study was performed in a helium bath 
cryostat, while the sample was immersed in super-fluid 
helium. The base temperature reached down to 1.4 K. All 
presented molecular spectra are recorded on one individual 
molecule under different continuous-wave (cw) excitation 
(a) (b) (c)
Fig. 1  a Simplified Jabłon´ski diagram of a single molecule under 
cryogenic conditions. The electronic states are singlet states and 
are labeled as |Sn�. b Single-molecule structure of 2.3,8.9-dibenzan-
thanthrene, DBATT, chemical formula: C30H16. c Schematic spec-
tral representation of the level diagram. Thick vertical lines repre-
sent the possible spectral positions for laser excitation. The higher 
vibrational level of the electronic excited state has an energy differ-
ence of 248 cm−1 above the electronic excited and its vibrational 
ground state. The longitudinal lifetime of these vibrational levels 
is in the picosecond range, such that the linewidth is several GHz. 
This implies that a spectral selection of single molecules in the zero-
phonon-line excitation is very easy, while the excitation into higher 
vibrational states might lead to an increased background due to the 
excitation of other molecules. Height of the levels is not to scale. 
After a decay into the electronic excited state, the system relaxed by 
emitting single photons. The emitted spectrum of a decay into the 
ground state depends on the branching ratio into the ground state and 
into the vibrational levels, which is approx. 50:50 for dibenzanthan-
threne
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schemes. Due to the fact that the intersystem crossing rate 
is small, we do not observe any (triplet-)blinking through-
out our studies.
Figure 1a shows a reduced Jabłon´ski diagram, in which 
the relevant levels are shown. The electronic levels of the 
molecule are labeled as |S0� and |S1�. As usual for organic 
molecules, the states are singlet states and exhibit no fur-
ther state splitting, with, for example, optical addressable 
spins. In the diagram, we omit the triplet levels, the |T0�-
state, since they are not relevant for the extraction of pho-
tons in a single molecule. The direct transition between the 
two singlet levels is called the zero-phonon transition, since 
no phonons are excited in the system. To the first approxi-
mation, this first electronic transition (from |S0� to |S1�) 
represents a transition from the highest occupied molecu-
lar orbital to the lowest unoccupied molecular orbital, a 
so-called HOMO-LUMO transition. Each of the electronic 
levels has higher vibrational states. Therefore, an excited 
molecule has not only the possibility to decay directly into 
the electronic ground state, but also the ability to emit a 
red-shifted photon and decay into a vibrational state of the 
electronic ground state. These levels are short-lived (life-
time approx. ps), and the system decays with no further 
photonic emission to the vibrational and electronic ground 
state. Due to the similarity of the electronic levels |S0� and 
|S1�, also the vibrational levels are comparable. This implies 
that the system can also be excited into a higher vibrational 
level of the electronic excited state. This level displays a 
comparable energy difference to the zero-phonon state in 
both cases. The exact excitation schemes are explained 
hereafter.
Figure 1c shows the corresponding transitions of a sin-
gle molecule on a wavelength scale. The common way 
to perform a study on single molecules under cryogenic 
conditions is an excitation directly between the electronic 
states. This zero-phonon line is extremely narrow band and 
reaches with the presented molecule (dibenzanthanthrene) 
down to a linewidth of 12.5 MHz. For this so-called 0-0 
excitation scheme, the concentration of molecules in the 
sample under research can be very high, and it might be 
that several molecules are located inside the excitation laser 
focus. Individual molecules can then be simply spectral-
selected, since different molecules experience a different 
nano-environment and therefore a different electronic tran-
sition energy. This is despite the fact that the molecules are 
chemically identical. This spectral distribution corresponds 
to the inhomogeneous broadening of many molecules 
inside a solid-state sample.
Another way to excite a single molecule is the excita-
tion into a higher vibrational level of the electronic excited 
state. The molecule will then decay without the emission of 
a photon into the electronic excited, but vibrational ground 
state (Kasha’s rule) and decay with the emission of a 
photon only then. This scheme is indicated by the arrows in 
Fig. 1a. Since the lifetime of the vibrational state is in the 
picosecond range, the systems spectral linewidth depends 
on the electronic lifetime of the |S1�-state. The branching 
ratio between a direct decay into the |S0�-state and a pho-
non-mediated (Stokes-shifted) emission is for the intro-
duced DBATT molecule about 50 %.
Figure 2 shows experimental fluorescence excitation 
spectra in the two different excitation schemes. The cw 
laser is spectral-tuned across the transition of a single mol-
ecule. Only when the molecule is in resonance, the cycle 
of excitation by the laser and subsequent single-photon 
emission by the molecule goes on. Both spectra represent 
raw data and are simply fitted with a Lorentzian function. 
Figure 2a shows the resonant 0-0 excitation. All red-shifted 
fluorescence is detected behind a long-pass filter (Semrock 
594LP). The determined linewidth represents the narrowest 
(a)
(b)
Fig. 2  a Fluorescence excitation spectrum of a single molecule into 
the zero-phonon line of the electronic excited state. Detection of red-
shifted photons, which are emitted when the molecule decays into the 
vibrational levels of the ground state. This is the so-called 0-0 excita-
tion. b Fluorescence excitation spectrum of a single molecule into a 
higher vibrational level of the electronic excited state. The linewidth 
is lifetime-limited. This scheme is called “0-1 excitation”. Detection 
of the narrow-band emission around 589 nm. This is the direct decay 
into the electronic ground state. The spectrum corresponds to the 
spectral linewidth in a
W. Kiefer et al.
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measured one our laboratories and amounts to 12.5 MHz. 
This corresponds well to the value, which is given in the lit-
erature [28]. The background emission represents the dark 
count level of the utilized single-photon detector (Excelli-
tas, SPCM-AQR). The excitation power, measured in front 
of the cryostat, was on the order of 1 nW. This spectrum, 
acquired at the low excitation limit of the system, shows 
no high-power broadening, which would correspond to 
the behavior of a two-level system. This broadening can 








Γ1 = 1/T1 and Γ2 = 1/T2, see, for example, [34]. Com-
monly, spectral linewidth between 12.5 and 20 MHz is 
measured for isolated DBATT molecules in n-tetradecane. 
This line can be resonant with the sodium D1-line or the 
sodium D2-line.
The 0-1 excitation, shown in Fig. 2b, shows a scan of the 
laser over the transition between the ground state, |S0�, and 
the first electronic and first vibrational excited state. The 
wavelength is approx. 580.5 nm. After a few experimental 
runs, the exact frequency was known and the experiments 
could directly be started with 0-1 excitation. In our experi-
mental configuration, only the narrow-band photons from 
the direct decay of the |S1�-state are detected. These photons 
show a spectral linewidth corresponding to the measured 
one for the 0-0 excitation scheme as described above. In this 
case, the photons are 12.5 MHz wide. Since the vibrational 
level decays in the picosecond range, the excitation linewidth 
is increased roughly by three orders of magnitude and 
amounts to 49.5 GHz (1 cm−1 = 30 GHz). The excitation 
intensity of the molecule is also increased by the same factor.
This experimental set of data shows another crucial prob-
lem of the study with both excitation schemes: The spectral 
selection of a single molecule under resonant 0-0 excita-
tion is very good. A few MHz detuning allows to reduce the 
contribution of a single molecule by orders of magnitude. 
For the 0-1 excitation, a small detuning of the laser does not 
strongly reduce the emission of the molecule. As a rule of 
thumb, the concentration of molecules for 0-1 excitation has 
to be smaller by a factor of 1000—otherwise several mol-
ecules will spectral overlap. This problem is also depicted in 
Fig. 1c. We fine-tuned the concentration such that we have 
approx. 1–5 molecules in a 50× 50µm2 wide scan under 
0-0 excitation at one specific laser frequency, which was 
commonly set to be resonant to atomic sodium.
The proof whether single photons are emitted by a sin-
gle molecule under study is obtained by recording an auto-
correlation function. The presence of single photons leads 
to a so-called anti-bunched and sub-Poissonian photon 






We like to denote that the function is acquired in a “start-mul-
tiple-stop” measurement, i.e., from every photon on a detec-
tor in a Hanbury Brown and Twiss configuration, the delay 
times to all other photons on the other detector up to a certain 
recording time are determined. This is performed by recording 
all photon arrival times and processing the interphoton wait-
ing times. This histogram gives to a good approximation (dead 
time, jitter, etc.), the g(2)(τ )-function as denoted in Eq. 1. Due 
to the T1 time of the system of about 10 ns, such technical 
issues, e.g., electrical jitter in the detector, are of minor impor-
tance, since these issues are much smaller. Subsequently, we 
are able to plot the raw, uncorrected data in Fig. 3.
Both excitation schemes lead to different g(2)(τ )-func-
tions. In the case of resonant excitation, the system under-
goes Rabi oscillations. This is already observed in the first 
reports on single molecules [35]. Mathematically, the sys-
tem needs to be treated by a full solution for the two-level 
(a)
(b)
Fig. 3  Photon anti-bunching under different excitation schemes. a 
Uncorrected recording of the photon statistics when the molecule is 
excited resonantly into the zero-phonon line. Due to the strong optical 
interaction of the system to the driving field (430 nW in front of the 
cryostat), Rabi oscillations occur. Fit by a simple coherently driven 
two-level-system. b Uncorrected measurement of the anti-bunching 
under 0-1 excitation (raw data, 37 µW in front of the cryostat). The 
characteristic lifetime (≈10 ns) is dominated by the longitudinal life-
time of the electronic excited and vibrational ground state. This is an 
indication for the spectral linewidth of the emitted photons. The fit 
(red) represents the fit of a two-level system
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system, including the coherences. This is usually performed 
by assuming a quantum master equation by a Lindblad super-
operator. The final equation, including the coherences, reads:
This equation is then used to fit the experimental data in 
Fig. 3a.
Figure 3b shows the g(2)(τ )-function of same molecule, 
but under 0-1 excitation. It corresponds to the completely 
incoherent excitation of the system, with a close-to-zero 
excitation intensity. Rabi oscillations are not observed, 
since the incident intensity on the molecule is not suffi-
cient. The fast decay into the |S1�-state can lead to a popula-
tion inversion. The temporal behavior of the onset of the 
g(2)(τ )-function reveals to a good approximation the longi-
tudinal lifetime (T1-time,= 1/Ŵ1) of the molecules excited 
|S1�-state. This is only valid at the low excitation limit 
(k ≈ 0). The anti-bunching is simply fitted as:
Here, k denotes the pumping rate and is close to zero due to 
the fast relaxation from the vibrational excited state.
3  Atomic spectra and Faraday filtering
Atomic sodium has been studied extensively for more than 
a century. Due to the availability of narrow-band dye lasers 
and detectors in the UV–Vis range, the atomic spectros-
copy in the past 40 years started with many experiments on 
(2)
g(2)(τ ) =1− e−
1
2
|τ |(Γ 1+Γ 2)·(
(Γ 1+ Γ 2) sin (|τ |ΩRabi)
2ΩRabi
+ cos (|τ |ΩRabi)
)
.
(3)g(2)(τ ) = 1− e|τ |(−(Γ 1+k)).
atomic vapor cells and atomic beams of sodium, see, for 
example, [36, 37]. Atomic sodium exhibits a 1.77-GHz-
wide ground-state splitting, which implies that studies on 
hot, Doppler-broadened, atomic vapor usually shows one 
joined transition, in which both transitions are matched. 
Atomic sodium is well documented [38].
Nowadays, spectroscopy on atomic rubidium is more 
fashionable, due to the availability of convenient external 
cavity diode lasers in the near-infrared, the spectral sepa-
ration of the D1 and the D2 transitions, and the 6.8-GHz 
ground-state splitting. The latter implies that both transitions 
can be individually optically addressed. Rubidium does not 
require significant heating or excessive magnetic fields. Due 
to the higher mass, the Doppler broadening is smaller.
Figure 4a shows the level diagram of atomic sodium. 
Due to the higher oscillator strength, the D2-line transitions 
are preferred in the following experiments. By Doppler-
free spectroscopy, all levels can be conveniently resolved. 
The excited-state D1-line splitting of 188.8 MHz shows 
a typical signature in the spectrum. Due to the so-called 
crossover resonances, 3 sets (distance ≈ 1.77 GHz/2) of 3 
lines (splitting ≈ 188.8 MHz/2) are observed. The D2-line 
exhibits a smaller splitting of the excited state, and the 
Doppler-free spectroscopy might result in three unresolved 
groups of transitions. Such a Doppler-free spectrum of the 
D2-line is depicted, for example, in Fig. 7.
For experiments with single photons, which originate 
from a single molecule, we implemented a sodium Fara-
day anomalous dispersion optical filter (FADOF) [39–41]. 
The design is based on an atomic vapor cell between two 
crossed polarizers. Therefore, no light can simply pass 
the optical configuration. Only, when a magnetic field 
is applied, the introduced optical rotation by the Zeeman 
effect allows the transmission of near-atom-resonant light. 
(a) (b)
Fig. 4  a Relevant optical sodium transitions. Usually, our experi-
ments are performed on the D2-line, due to the higher oscillator 
strength. b When the system is in a magnetic field, and the net elec-
tric susceptibilities are calculated, all levels have to be taken into 
account. Eighteen levels act on left-handed circular polarized light 
(blue), and corresponding 18 levels act on right-handed polarized 
light (red). All direct vertical transitions do not contribute to the opti-
cal rotation and are therefore depicted in gray
W. Kiefer et al.
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At the ideal points, such a filter exhibits a transmission 
close to unity and a GHz-wide transmission spectrum [42]. 
All other wavelengths, which do not match to an atomic 
transition, will not pass the filter.
This filter scheme is very interesting to be used in the 
combination with solid-state single-photon emitters, since 
all non-resonant emission is efficiently suppressed. Further-
more, the filter is much more stable than temperature-tuned 
filter cavities. The linewidth depicted in Fig. 2b shows that 
the spectral selection will not work efficiently in the 0-1 
excitation scheme. An excitation laser might be exciting 
many different molecules, even at the far-reaching Lorentz-
ian tail. Due to the GHz-large linewidth, the concentration 
needs to be reduced against usual single-molecule studies. 
This reduces the background, but it can be further enhanced 
by the utilization of a FADOF. The filter allows to reach 
very high peak transmission and a small background con-
tribution. The crucial quantity for this is the so-called 
equivalent noise band width (ENBW). This is calculated by 
the integrated transmission, T , for all relevant wavelengths, 
divided by the peak transmission at the point of maximal 




. It describes the 
peak to background ratio and amounts to below 5 GHz in 
the case for the filter on the sodium D2-line [42–44].
The spectrum of such a FADOF filter can be relatively 
straightforwardly calculated, by evaluating the electric sus-
ceptibilities of the atomic vapor. This requires to add the 
weighted contribution of all transitions. For the D1-line, these 
are 24 transitions, whereas for the D2-line, 36 transitions have 
to be taken into account. For the latter case, the relevant tran-
sitions are depicted in Fig. 4b. Eighteen transitions act on the 
σ+ components of the incident light and 18 transitions on the 
σ− component. All direct vertical transitions do not contrib-
ute to the optical rotation and are therefore depicted in gray.
The calculation requires a diagonalization of the full Hamilto-
nian, which is composed of three parts, including the hyperfine-
splitting (HFS) and the Zeeman term. This is due to the fact that 
the filter is not operated solely in the low- or high-field approxi-
mation regime. It is calculated as H = H0 + HHFS + HZeeman. 
This results in the complex susceptibilities χ± = χ ′± + iχ
′′
±, in 
which the + and − signs denote the susceptibility per circular 
polarization direction. Together with the length of the cell, L, 
and the temperature, a Voigt line profile is obtained. The combi-
nation of optical rotation by π/2 and simultaneous weak Dop-
pler absorption leads to a preferred setting for the cell tempera-








































We performed the full calculation. The source and the data 
are available as supporting material online [45]. Another 
convenient way of calculating the relevant filter functions 
is the use of the program “ElecSus” by the Durham atomic 
physics group [46].
For an experimental confirmation, an atomic vapor cell 
with an optical path length of 100 mm is placed in a sole-
noid configuration, capable of generating up to 400 mT 
magnetic field. The exact experimental configuration is 
described elsewhere [42].
Figure 5 shows a series of D2-line spectra of atomic 
sodium at a given temperature (152 ◦C). For each panel 
on the horizontal axis, the frequency detuning from the 
center of mass is depicted. The vertical axes shows the 
spectrum against an increasing magnetic field. The three 
2D spectra which are abreast show the measurement of 
the following three entities: left The FADOF spectrum, in 
which the input and the output polarizers are orthogonal. 
middle The crossed polarization, i.e., when the input and 
output polarizer are aligned with each other. We call this 
the cross-FADOF (X-FADOF) spectrum. right When both 
the FADOF and the X-FADOF spectra are added, it cor-
responds to the simple Doppler absorption spectrum as it 
would be measured with unpolarized light. The theoretical 
spectra are on the top panel (a), and experimental data are 
displayed in the bottom panel (b).
First, the FADOF spectrum is depicted. As it can be 
clearly seen, right and left of the center, the transmission 
goes to zero, since both polarizers in front and behind the 
cell are crossed out. Without a magnetic field, no transmis-
sion occurs. Only with an increased magnetic field, some 
transmission arises. The spectral components are approx. 
linearly shifted due to the Zeeman effect. From approx. 
150 mT, the two groups, both acting on one part of the cir-
cular decomposed linear polarization, are separated, such 
that the simple absorption of the cell is diminished. Only 
then, the transmission arises above 50 % and reaches to 
values above 90 % [42]. This is considered as a preferred 
point for further measurements in combination with sin-
gle photons from a DBATT molecule and atomic Faraday 
filters.
In the middle row, the X-FADOF spectrum displays the 
other output port of the analyzing polarizing beam splitter. 
Since both polarizers are aligned with each other, far from 
the atomic resonance the transmission amounts to 100 %. 
Without a magnetic field, the spectrum corresponds to the 
Doppler spectrum. At the optimal working conditions of 
the Faraday filter (150–200 mT), the rotation in the vapor 
amounts to 90◦, such that the X-FADOF spectrum dis-
plays a minimum on resonance. Acquiring the data for the 
X-FADOF gives an advantage over recording the FADOF 
spectrum alone, since both components can be individually 
determined and allow a good comparison with the theory.
An atomic spectrum recorded with a single-molecule light source
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The sum of the FADOF and the X-FADOF simply 
results in the Doppler absorption spectrum (right panel). At 
zero magnetic field, this reaches down to very small val-
ues, since the optical density is a few orders of magnitude. 
When a magnetic field is applied, both the σ+ and the σ− 
components are differently affected, and the overall trans-
mission is diminished to approx. 50 % as in the case of the 
FADOF spectrum. The Doppler spectrum at zero magnetic 
field allows to again determine the exact temperature of the 
sodium vapor with very simplified assumptions and no full 
calculation of the susceptibilities.
We find an excellent match between the simulated spec-
tra (Fig. 5a) and the experimental data (Fig. 5b). The fre-
quency scale of the experimental data represents the full 
scan range of the utilized laser. With optimized settings, it 
is possible to extend the mode-hop-free scan range of the 
laser up to 34 GHz. The frequency axes was calibrated by 
Doppler-free sodium spectroscopy. An increasing back-
ground per scan was accounted for, since the laser was 
changing the emitted output power approx. linearly during 
the scan. The transmission of the cell, which was measured 
to amount to approx. 85 %, was neglected, i.e., the scale 
was adapted to compensate for the loss of the cell windows.
4  Combination of single molecule and atomic 
spectroscopy
The narrow-band single-photon emission of a single mol-
ecule under 0-1 excitation is now interlinked with the pre-
sented atomic Faraday filter. A scheme of the experimen-
tal configuration is shown in Fig. 6. The excitation light is 
generated by a dye-ring laser (Coherent 899-29) with the 
dye Rhodamine 6G. The beam is reflected via a quartz 
wedge (R:T=10:90) into a He bathcryostat (Janis). For effi-
cient excitation and collection to and from the molecule, a 
hemispherical solid immersion lens (SIL) made of cubic 
Zirconia (ZrO2 ∅ = 3 mm, n = 2.18) is used in combina-
tion with an aspheric lens (Geltech C330). This configura-
tion is commonly used in single-emitter spectroscopy [12, 
47, 48]. Beam scanning is possible, but results in an acces-
sible area of approx. 50× 50µm2, since otherwise the 
1/4-criterion is not fulfilled [49] and aberration leads to 
a low collection efficiency. For the 0-1 excitation experi-
ments, where the narrow-band photons on or close to the 
sodium line are detected, the light is collected transmitted 
through the quartz wedge and filtered by a 589-nm approx. 
1-nm-wide band-pass filter (Omega Optical). This ensures 
(a)
(b)
Fig. 5  Simulated and measured spectra, acquired with a dye laser at 
a cell temperature of 152 ◦C. Cell length 100 mm. a Simulation of 
both measured output ports (FADOF and X-FADOF), and an addition 
of both ports, which simply represents the Doppler spectrum under 
the influence of a magnetic field. b Same as above, but experimental 
data. The overall transmission of the cell was adapted, due to finite 
absorption of our sodium cell. Also, the spectrum is slightly broad-
ened due to a higher cell temperature and a slightly larger Doppler 
linewidth of the atoms. The maximum current was approx. 200 A
W. Kiefer et al.
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that only the resonant photons and not the Stokes-shifted 
emission is passed through the cell. To block the scat-
tered light off the sample, another 585-nm long-pass filter 
(Omega Optical XF3090, not shown) is added, which helps 
to reduce the background due to the high-power 0-1 excita-
tion scheme even more. For experiments under 0-0 excita-
tion, the 594LP filter is used. The atomic cell can stay in 
place, since the sodium-resonant photons are not detected 
under 0-0 excitation.
After this coarse spectral filtering of the photons, the 
photons are passed through an achromatic half-wave plate 
(omitted in Fig. 6) and a linear polarizer. Then, the vapor 
cell in a solenoid and a second polarizer form the Faraday 
filter. The photons are then focused onto an avalanche pho-
todiode (APD, SPCM-AQR, Excellitas). No further spatial 
selection, such as a pinhole, is introduced in the beam path. 
The X-FADOF path was not used in this experiment with 
the molecule, due to space constraints in the optical setup 
behind the atomic vapor cell.
For the experiment, single photons close to the sodium 
wavelength are required. The inhomogeneous broadening 
of the single-molecule transitions usually allows to find a 
spectral match between an individual single molecule and 
atomic sodium transition in a highly concentrated sample. 
This match is always initially verified under 0-0 excitation. 
A high concentration implies that many molecules might 
have a spectral overlap or exhibit long spectral tails, which 
scale as a Lorentzian as 1/δ2, with δ being the detuning 
from the line center. Therefore, the single-molecule single-
photon emission might be spoiled by other (weakly) emit-
ting molecules. This increases the background and reduces 
the purity of the further used single photons. The electronic 
transition of a single molecule can be conveniently detuned 
by the DC Stark effect [50–53], and therefore, a lower 
concentration of molecules can be used in the sample. 
When a molecule is close (i.e., within a few GHz) to the 
desired transition, the electronic transition can be spectral-
tuned to the desired point.
To spectral-detune the molecules, we used interdigitat-
ing gold electrodes with 25 µm width and 25 µm spacing. 
The electrodes are electrically isolated with a thin, sput-
tered SiO2 film, since the solid immersion lens is held in 
place by a thin brass metal sheet, which would otherwise 
Fig. 6  Scheme of the experimental configuration. A dye-ring laser 
at approximately 580 nm is focused on the sample of single mole-
cules in an organic matrix. The sample resides in a He bathcryostat 
at T = 1.4 K. For optimal light extraction, the optics consists of a 
solid immersion lens and a single asphere. The light is then collected 
on the same way back, and the polarization is fixed by a Glan-Laser 
polarizer. The light passes through an atomic vapor cell, and both 
polarization components are detected. This is usually performed with 
single-photon detectors, but for characterizing the filter by a laser, 
these were replaced by normal photodiodes
Fig. 7  Stark scan of a single molecule under 0-0 excitation. By inter-
digitating electrodes, the spectral position of the molecules zero-pho-
non line is changed. A linear DC Stark effect is observed. In parallel, 
the Doppler-free spectrum of sodium is recorded. This shows that the 
molecules spectral transition can be deliberately changed across the 
entire sodium spectrum. Small intensity fluctuations are caused by a 
fluctuating laser intensity in conjunction with a short (2 ms) integra-
tion time
An atomic spectrum recorded with a single-molecule light source
1 3
Page 9 of 12 38
shorten the electrical contacts. The full sample was sub-
sequently assembled of: a glass plate with the electrodes, 
the n-tetradecane solution, doped by DBATT molecules, 
the solid immersion lens, and a brass sheet metal which 
was held in place with two small magnets (IBS Magnet 
Berlin). The voltage is provided by a bipolar high-voltage 
power supply module (ultravolt TN-HVA-1), which can be 
conveniently controlled by the analog output voltage of a 
data acquisition card in the computer. The output voltage 
reaches between −1000 and 1000 V. For the utilized elec-
trodes, voltages below −300 V and above 300 V should not 
be used, since the electrodes show the tendency of an elec-
tric breakdown.
Figure 7 shows a Stark scan of a single molecule across 
the Doppler-free spectrum of atomic sodium. Every hori-
zontal line represents a 0-0 sweep of the excitation laser 
around the sodium wavelength. When the molecule is on 
resonance, the amount of emitted photons is increased (red, 
yellow line in density plot). Vertically, the voltage across 
the electrodes is changed. The observed, linear Stark effect 
shows a change of 50 MHz per 1 V across the electrodes. 
Nominally, this 1 V corresponds to a field of 40 kV/m. This 
might only be an approximation, since the affected mol-
ecule does not necessarily be in the plane with the elec-
trodes, but might be some micrometers above the electrode 
level. In this case, we observe a linear Stark effect, as it 
was reported in the literature before [53]. In other experi-
ments with the same settings, we also observed quadratic 
Stark parabola in the same host matrix system with DBATT 
molecules. We assume that this behavior can be explained 
by small differences in the matrix structure. With the 
selected molecule, all spectral positions across the sodium 
resonance can be reached. The molecules linewidth is not 
affected. With every spectral scan, a Doppler-free spectrum 
of atomic sodium is recorded. Since this acts as a very sta-
ble frequency reference, which supersedes the accuracy 
of the lasers internal reference cavity, the acquired atomic 
spectra could act as a long-term stable reference. The 
slight intensity change in the laser when scanning does 
not strongly affect the recorded 0-0 spectra, since the scan 
is only over 4 GHz, unlike the corrected laser spectra in 
Fig. 5.
The same molecule can then be used as a narrow-band 
single-photon source. For this, the excitation scheme is 
changed to 0-1 excitation, where many narrow-band pho-
tons are emitted. The experimental setup selects only the 
near-sodium-resonant photons by the 585-nm long-pass 
and the 589-nm band-pass filter. The excitation laser is 
tuned to 17226.1 cm−1 as in Fig. 2b. The emitted photons 
cannot pass the FADOF without any magnetic field, since 
the atomic vapor absorbs all resonant photons. Therefore, 
the current on the solenoid is set to approx. 125 A, which 
corresponds to 200 mT. When the emission is observed, the 
focal position is optimized for the small spectral shift. The 
lateral focus position is thereafter also optimized by simple 
beam scanning.
When now the electric field across the electrodes is 
modified, the molecule undergoes the same DC Stark 
effect, which was observed under 0-0 excitation, as shown 
in Fig. 7. Therefore, the narrow-band emission of the mol-
ecules is detuned. An uncorrected recording of the FADOF 
spectrum, acquired only with single photons originating 
from a single molecule, is shown in Fig. 8. The spectrum 
resembles the predicted calculation and shows a peak flux 
of 9.9× 104 counts per second. Due to the narrow spectral 
linewidth of the molecule, the further broadening of the 
spectrum is negligible. The scan range of the molecular 
emission spans more than 20 GHz with the utilized elec-
trodes. This range can be massively increased with smaller 
and better isolated electrodes. Unfortunately, with very 
high fields, the spectral stability of the molecule might be 
affected [54].
With the spectrum, we find an increased background 
contribution when the voltage is increased. This is likely 
another molecule, which is initially weakly excited, but 
contributes at +250 V to approx. 7 % of the counts against 
the expected spectrum. This background contribution is 
assumed to be a long Lorentzian tail, but is depicted in 
Fig. 8 as a linear increasing background. Such a contri-
bution can be suppressed, when a lower concentration of 
dopant molecules is present in the host matrix. This implies 
of course a reduced probability of finding a suitable mol-
ecule. This is always the dilemma of the 0-1 excitation 
experiments.
Fig. 8  A scan of the Stark voltage with a single molecule in the 
focus under 0-1 excitation. Depicted is the count rate of the single 
molecule, which is observed through the Faraday filter on a single-
photon detector. The Stark voltage was changed from −250 to 250 V. 
Due to the spectral linewidth of the molecules under this excitation 
scheme, the background depends on the Stark voltage on the sample. 
The green line represents the increasing background
W. Kiefer et al.
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Since the molecules are very stable and do not exhibit 
any blinking or bleaching, it is possible to acquire a full 
scan of the Faraday filter with the above-selected molecule. 
To reduce background, the 0-1 excitation intensity was 
reduced. Subsequently, the peak power in Fig. 9 amounts 
to 71 kcps. We recorded the Stark detuning with 1000 dif-
ferent voltages from −250 to 250 V (0.5 V per step) and 
120 different magnetic fields from 0 to 350 mT. For clarity, 
and to match our earlier simulation and experimental data, 
which was acquired with a laser, we only show a part of the 
data. The integration time per pixel was 5 ms. The nominal 
recording time was subsequently 600 s, but the entire scan 
time was approx. 1000 s due to overhead by the measure-
ment programs. Many of these scans were recorded over 
the course of several hours.
5  Conclusion and outlook
This paper introduced the different excitation schemes of a 
single molecule. The light can be conveniently filtered by 
an atomic Faraday filter (FADOF).
Of course, the presented Faraday filter spectra with a 
single-molecule light source do not differ by any means 
from the spectra which are acquired in a more conveni-
ent laser configuration. More importantly, the presented 
spectra show the universality of the experimental configu-
ration, the spectral long-term stability of the molecules, 
their enormous brightness, and their simultaneous narrow-
band nature. No further studies on the propagation delay 
have been performed in this configuration. This might be 
an interesting next step, when the different group veloc-
ity delay affects the single photons which are passing the 
vapor cell.
The presented single-photon source has a variety of 
applications, since it allows to interlink different types of 
spectroscopy. For example, single photons might be effi-
ciently generated by a single molecule and be filtered by 
an atomic Faraday filter and then interact with an atomic 
vapor, e.g., utilizing higher Rydberg states. Such photons 
might then interact again with a single molecule, since the 
efficient interaction of resonant photons with a molecule 
has been proven earlier [47, 55, 56]. Experiments with the 
free-space daylight transmission of single photons might 
gain by the suppression of the sun’s radiation by the Fraun-
hofer lines. Such experiments were conducted earlier by 
the NIST QKD group [57]. The sodium Fraunhofer lines 
are comparable “dim” as the H-alpha line. The use of a 
Faraday filter, which again reduces the background, could 
again reduce the sun’s background contribution [58].
Unlike atomic sources, the presented molecular source can 
be quickly spectral-detuned by several GHz. The speed is in 
our case limited by the utilized high-voltage power supply 
and the throughput capacitance of the wiring into the cryostat 
[59]. The likely unsurpassed efficiency of light extraction of a 
single molecule [11] might allow for the generation of higher-
order Fock states, when several molecules are spectral-tuned 
on resonance inside a focal volume. This requires well-iso-
lated micro-electrodes and will be challenging.
We presently plan further experiments which interlink 
the spectroscopy on a cold atomic vapor, e.g., in a magneto-
optical trap, with the photons originating from a molecule.
(a) (b) (c)
Fig. 9  Spectrum of the sodium D2-line Faraday anomalous disper-
sion optical filter with different magnetic fields at a cell temperature 
of 153 ◦C. a Simulation for 153 ◦C, b measurement with the dye 
laser, the transmission axes are scaled to compensate for the finite 
transmission of the atomic cell. c Measurement with a single-mol-
ecule light source. Unlike in Fig. 8, the maximum count rate corre-
sponds to 7.1× 104 counts per second. The recording with the single 
molecule is recorded to higher magnetic fields than the spectra in a 
and b. Please note that the plot represents raw data, which was scaled 
according to the changing overall emission due to the Stark scan
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